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CHAPTER I 
INTRODUCTION AND STATEMENT OF THE PROBLEM 
A. Introductory Remarks: 
Since Sandstedt's initial study an the influence 
of orthodontic forces on the teeth, many clinical studies 
have followed on what the most desirable forces should be 
to get optimal tooth movement. It has been realized that 
different types of tooth movement will require different 
magnitudes of force to achieve the desired movement as 
rapidly as possible. 
A new science has emerged in an effort to 
eliminate some of the empiricism and intuition from clini-
cal orthodontics. This is the science of "Biophysics of 
Orthodbntic Forces." Fused into this science are the dis-
ciplines of analytical mechanics and applied physics, 
along with biology. 
Orthodontic appliances are designed to move 
teeth, -and in doing this they perform work. Utilizing the 
1 
principles of analytical mechanics we can evaluate the 
work done and the influence of the applied forces on the 
dentoalveoloperiodontal environment. The problems encoun-
tered in producing basic tooth movements can be accurately 
analyzed. These basic tooth movements include tipping, 
translation and rotation. 
The application of a force to a tooth creates 
within the periodontal ligament a complex system of 
stresses. Since the tooth can be looked upon as a trun-
cated cone, we will never be able to develop one type of 
stress at a time. The stresses we will obsefve in the 
periodontal ligament are tension, compression, and shear. 
The sum of these stresses we collectively refer to as 
"pressure." 
The application of a force to a tooth not only 
leads to the development of these stresses, but in time 
changes take place in the dentoalveoloperiodontal envi-
ronment. Bone will be deposited on the side where tension 
is the prime stress. Bone resorption will take place on 
the side where compression is the main stress. The 
2 
difference between the fundamental types of tooth movement 
is found not only in the changes in the positions of the 
teeth, but also in the different patterns of bone 
deposition and bone resorption. As this process of bone 
deposition and bone resorption goes on, the tooth will 
move to its new position dictated by the force system 
applied. 
Previous investigators have stated that bone is 
deposited on the tension side in the orthodontic movement 
of teeth, but no attempts have been made to accurately 
measure the bone deposited and relate it to the applied 
force. In view of the foregoing, the following problem 
will be studied. 
B. Statement of the Problem: 
The purpose of this study is to relate bone 
deposition and tooth movement to various force magnitudes 
in the translation of a maxillary second premolar of a 
Macaca Mulatta monkey, in an environment in which the 
tooth is out of functional occlusion. A method to physi-
cally assess the translatory movement will be developed. 
3 
4 
The pattern of bone deposition in the translation of teeth 
will be studied and the rate of bone deposition will be 
evaluated. 
A continuous force system will be designed to 
translate the maxillary second premolar mesially into the 
extraction site of the maxillary first premolar. The 
reciprocal action of the mesial force will be distributed 
to the maxillary second molars and the maxillary canines. 
The posterior teeth will be kept out of occlusion by the 
use of a bite plane. The assessment of bone deposition 
and tooth movement will be made on histologic sections in 
which the bone has been marked by vital staining. Lead 
acetate will be used as a vital stain. Measurements will 
be obtained with the use of a suitable microscopic instru-
ment. 
CHAPTER II 
REVIEW OF THE LITERATURE 
John Belchier (1736) accidentally discovered that 
bone had a peculiar affinity for madder. This was the 
beginning of vital staining of bone. 
Duhamel (1739) recognized the fact that it was 
the site of actively growing bone that had the affinity 
for this dye, and it was he who applied this principle to 
study bone growth. 
Hunter (1771) utilized the same method to study 
the growth of the mandible. He advanced the theory of 
bone apposition and resorption as related to growth on the 
strength of his observations. Later Alizarine Red S, a 
synthetic product, was used to study the growth of the 
calcified structures of rabbits, rats and monkeys. 
Schour (1934) used sodium fluoride as a vital 
stain to study the increments of dentin deposited during 
a given period of time. 
5 
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Park (1930) observed, roentgenographically, the 
presence of dense zones at the end of long bones of 
children having lead poisoning. This, he believed, was one 
of the most consistent occurrences in lead poisoning. 
Gaffey (1931) demonstrated roentgenographic evi-
dence of "lead lines" both clinically and experimentally. 
He fed growing dogs a diet containing lead acetate, and was 
able to show bands of lead deposition in the tibia as early 
as the tenth day. 
Okada and Mimura (1938), (1940), (1941), (1942) 
were the first to report on the chemistry of lead acetate 
deposition, and its use as a vital stain in calcifying 
tissues. The lead acetate is injected into the bloodstream 
and immediately deposits as lead phosphate where calcifi-
cation is occurring. Due to the lower solubility product 
of lead phosphate, the lead does not shift from the site of 
deposition for a long time. Using this phenomenon, it was 
possible to mark the lapse of time in growing bones and to 
examine their growth rate as well as their responses to 
various experimental disciplines. 
7 
The amount of lead acetate needed to mark the 
bone in this technique is 1-2 mg/kg body weight. Accord-
ing to these workers, up to a dozen such doses administered 
daily or at intervals of a few days did not cause any lead 
poisoning or local disturbances in the bone. 
Komori (1955) using this timemarking method in 
growing bone was able to study the growth of the temporo-
mandibular joint in rabbit. 
Okada and Asoda (1958) studied the deposition 
mechanisms of other heavy metals in bone. They found that 
the lower the solubility product of the metal phosphate 
the greater is the deposition. The experiment showed that 
lead was able to deposit most strongly, and it also had 
the lowest solubility product of the heavy metals tested. 
It was further shown by these workers that the form of lead 
present in the blood varies. In the initial stage the lead 
is in a labile form which can be deposited, but with time 
it changes into a sparingly soluble form that does not 
undergo deposition in the hard tissues. 
8 
In the nineteenth century two theories were pro-
posed to explain the tissue changes that occur with tooth 
movement: (1) Flourens' pressure theory states that 
resorption of bone on the pressure side and apposition on 
the side where the pressure had been relieved accounted for 
tooth movement, and (2) the theory of Kingsley and Walk-
hoff ascribes tooth movement to the fact that bone is elas-
tic and can be compressed and stretched. 
G. V. Black described the histologic changes 
following tooth movement from any cause such as loss of a 
neighboring tooth or continued pressure. He observed that 
osteoblasts were seen where new bone was being formed and 
osteoclasts were found at sites of bone resorption. 
The first histologic observations of bone and ·· 
periodontal response to orthodontic tooth movement were 
made by Sandstedt (1904). Using one year old dogs in his 
experiments he observed hemorrhage, thrombosis and the 
presence of osteoclasts and undermining resorption on the 
pressure side; and apposition of bone in the direction of 
the strained periodontal fibres on the tension side. 
The findings, therefore, confirmed the pressure theory of 
Flourens (1847). 
9 
Oppenheim (19llh using deciduous teeth of young 
monkeys in experiments similar to those described by Sand-
stedt, made almost the same observations but drew different 
conclusions. He stated that the entire bone architecture 
was transformed as a result of orthodontic tooth movement. 
While accepting the pressure theory, he explained the bone 
changes by Wolff's law of bone transformation. 
Schwarz (1931), using histologic material 
obtained from dog jaws, found that an orthodontic force in 
order to be strictly biological cannot be greater than 
capillary pressure (20-26 grams/square cm.). He classi-
fied orthodontic forces into four categories depending 
upon the biologic effects as follows: 
First degree of biologic effect: The force is 
of such duration or so slight that no reaction 
is caused in the tissues. 
Second degree of biologic effect: The force 
is gentle, biological, and causes a contin-
uous and lively resorption along the bone in 
pressure areas. 
Third degree of biologic effect: The force 
is fairly strong (slightly above capillary 
pressure) and causes "bloodlessness" and 
"suffocation" in the pressure area of the 
periodontium. Resorption occurs around the 
pressure areas and removes the necrotic 
tissue, including any part of the root sur-
face which might have been injured. 
Fourth degree of biologic effect: The force 
is considered strong when it compresses the 
tooth against the alveolar process. Under-
mining resorption assists in removal of the 
necrotic tissues. Resorption of the root 
surface is most likely to result because of 
the damage incurred. 
10 
Johnson, Appleton and Rittershofer (1926), Gott-
lieb and Orban (193l) concurred with the original conclu-
sions of Sandstedt, yet there remained questions. 
11 
In order to clarify these interpretational contro-
versies, Oppenheim (1933) repeated his earlier experiments 
using three monkeys. Continuous and intermittent forces of 
various strength were used. He cautioned against making 
inferences to the effect that conclusions from animal 
experiments could be applied to humans, and reiterated his 
stand on the transformation of bone trabeculae during 
treatment and during retention. 
Orban (1936) reviewed the biologic aspects of 
tooth movement and discussed the findings and conclusions 
drawn by Oppenheim in 1911 and 1933. Orban asserted that 
the anatomic manifestations of tension and pressure were 
the same in man as in experimental animals. The greater 
resistance of osteoid tissue to resorption as compared to 
calcified bone is stressed. He concurred with Schwarz that 
the force by which a tooth is to be moved orthodontica11y 
must not be so intense as to interfere with the vitality 
of the periodontal tissues. 
Stuteville (1938) studied the histological 
effects of orthodontic forces on tooth movement on dogs 
12 
and humans. He measured the force exerted and the distance 
through which the tooth moved. He observed that traumatic 
forces compressed the periodontal ligament between the sur-
face of the tooth and the alveolar bone, resulting in 
cutting off blood flow through the periodontal vessels on 
the side of pressure. If this situation was maintained 
for a longer period of time, necrosis of bone and perio-
dontal ligament followed. 
Sicher and Weinmann (1944) described a physiologic 
distal drift in the molar teeth of a rat. They found uni-
form apposition of bone along the mesial alveolar wall and 
active or repaired resorption of bone along the distal 
alveolar wall. They concluded that distal drift, although 
continued throughout life, was intermittent in nature. The 
greater resistance of cementum to resorption as compared 
with bone was ascribed to the fact that cementum grows on 
the entire root surface throughout life, and cementoid 
tissue, being uncalcified, resists resorption. They sum-
marized their findings on physiologic distal drift thus: 
"Differential growth, expressed in the different growth 
13 
potentials of cementum and bone is, therefore, the cause of 
physiologic tooth movement." 
Reitan (1951), (1953), (1957), (1958) studied the 
differences in tissue changes in dog and man with respect 
to age, duration of force and type of force applied. The 
experimental period ranged from 12 hours to six days. He 
found it was more difficult to move teeth in older indi-
viduals than in younger ones, and that the duration of the 
force was far more important than its magnitude. The 
degree of "hyalinization" in the periodontal ligament 
increased with greater force magnitudes. The only demon-
strable vascular changes were a dilatation of capillaries 
within the marrow spaces in a few cases. 
Reitan (1960) observed that light continuous 
forc~used to move teeth bodily caused less root resorption 
than forces of similar magnitude used to tip teeth. He 
attributes this to a more uniform distribution of tension 
in the collagenous fibres of the periodontal ligament 
along the entire root surface. Reitan implies the under-
lying reasoning for this phenomenon is that pressure areas 
do not develop in the same degree when a light force is 
used to move teeth bodily as when a force of a similar 
magnitude is used to tip teeth. 
14 
Storey and Smith (1952), using varying magni-
tubes of force to move mandibular canine teeth, observed 
that forces in excess of 400 grams caused the teeth in the 
anchor unit to move forward while the canine teeth remained 
stationary. When forces of 200-300 grams were applied to 
the mandibular canines optimum tooth movement was observed. 
Lower force causes direct resorption of alveolar bone. It 
is assumed then that a force of 200-300 grams range is 
optimum for moving mandibular canines distally. When the 
force exceeds 300 grams the mandibular canine is wedged 
against the distal alveolar wall. Further distal movement 
is impossible until undermining resorption has taken place 
and removed the necrotic tissue. 
A force exceeding 300 grams affects the anchor 
unit somewhat differently. Since the root surface area of 
the molar anchor unit is in the ratio of 3:1 to that of the 
mandibular canine, the mandibular anchor unit will slip 
forward, because this force distribution is within normal 
physiologic range of direct alveolar process resorption. 
15 
Huettner and Whitman (1958), using rhesus monkeys, 
studied the bodily movement of posterior teeth. They 
found that root and periodontal damage was minimal when 
teeth were moved bodily. They observed a distal movement 
of the anterior teeth when they were pitted against the 
posterior segments. At the same time there was a mesial 
movement of the posterior segments used for resistance. 
Jarabak (1960) established numerical values for 
light and excessive forces used in orthodontic tooth move-
ment. He confirms the investigations of Schwarz, Storey, 
Smith and Reitan, and concludes that light forces from 
highly resilient arches come nearer to fulfilling the 
requirements for physiologic tooth movement than those 
derived from larger diameter wire. 
Jarabak and Fizzell (1963) in the discussion of 
biophysics of orthodontic forces give numerical force 
values for optimal tooth movement. They derive these 
values from a clinical knowledge of the biologic response 
16 
in the dentoa1veo1operiodonta1 environment, and by applying 
the principles of analytical mechanics to orthodontic tooth 
movement. 
A. Materials. 
CHAPTER III 
MATERIALS AND METHODS 
1. Animal Selection. 
The Macaca Mu1atta monkey was used in this 
experiment because its dentition is similar to that of man. 
On the average, eruption of the permanent teeth starts at 
1~-2 years of age, and is completed at 7~ years. These 
eruption stages correspond in man from the beginning of the 
seventh year to the end of the nineteenth year. 
The eruption pattern of the permanent teeth and 
the growth curves of Macaca Mu1atta is quite similar to 
that of man. This makes it a suitable animal for dental 
research. 
The experimental design required that the 
animals have a full complement of permanent teeth except 
for the third molars. At this stage of the development 
the animals range in age from 4 years to 6 years. The 
17 
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permanent canines are the last teeth to erupt before the 
third molars, generally during the fourth year. The third 
molars start to erupt at the age of 6 years and the den-
tition is complete at 7~ years of age. 
·Six female Macaca Mulatta monkeys were selected 
at Shamrock farm in Middletown, New York on the basis of 
the above requirements. Female monkeys were used because 
they are more docile. They ranged in age from 4 to 6 
years, corresponding to the human ages of 12 to 17. The 
animals were given random numbers from I to VI for identi-
fication. As the numbers were given randomly, monkeys I 
to V received orthodontic therapy while monkey VI served 
as control. 
2. Animal Housing and Care. 
The animals were housed at the Franklin Boulevard 
Community Hospital Animal Research Center, Chicago, 
Illinois. The animal research facility is maintained by 
the department of Stomatology. 
The animals were kept in separate cages in this 
colony. A full-time diener provides routine animal care. 
19 
Indoor conditions were maintained as optimal as possible. 
Their diet consisted of daily ratios of Rockland Primate 
diet in biscuit form, water and an orange. Multiple 
vitamins were supplied daily by injecting them into the 
orange. After the extraction of the maxillary right first 
premolar and during the appliance treatment period the 
diet was altered. Ripe bananas were added to the diet and 
the orange was peeled to facilitate eating. The biscuits 
were softened in water and transformed into a soft mash. 
This was done to prevent damage to the orthodontic appli-
ances. Every week the animals received, prophylactically, 
300,000 units Procaine penicillin I.M. 
3. Animal Handling. 
The animals were acclimatized for two weeks 
before any experimental procedures were undertaken. In 
order to protect both the animal and the operator, an 
isolation technique was used at all times. Surgical gloves, 
face masks and surgical scrub suits were worn at all 
times. Heavy leather gloves were used to protect the 
hands before the general anesthetic was given. 
4. Selection of Teeth for Movement. 
The bodily movement of a posterior tooth had 
been selected as the subject for this experiment. It was 
decided to work in the maxillary arch because three 
experimental procedures were to be conducted simultane-
ously, and manipulation would be easier in this jaw. The 
experimental design required that there was as much dis-
tance as possible between the tooth to be moved and the 
anchor unit. It was therefore decided to translate 
mesially the maxillary right second premolar into the 
extraction site of the maxillary first premolar. Func-
tional interferences would have to be eliminated. 
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Because of high cusps and deep intercuspation of the teeth 
in the maxillary arch with their antagonists in the 
mandibular arch, functional interferences had to be elim-
inated so that only the forces from the appliances were 
operational. 
S., Theoretical Considerations of the Force System. 
The object of this experiment was to translate 
mesially the maxillary right second premolar using varying 
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degrees of force magnitude. This force can be obtained 
intrinsically by stressing the arch wire, or extrinsically 
by using elastics or coil springs. In order to achieve 
translation it is necessary to apply a force and a couple. 
To insure appliance rigidity necessary to obtain bodily 
movement and yet at the same time have a low spring rate, 
a combination of extrinsic and intrinsic forces were used. 
The mesially directed force was derived from an extrinsic 
force system, and the couple was derived from an intrinsic 
force system. 
6. Selection of the Force Magnitudes. 
The magnitude of force that will produce optimum 
bodily movement of a Macaca Mu1atta monkey's maxillary 
second premolar is unknown, but from previous experiments 
it is believed to be about 75 grams. On the basis that 
75 grams is the optimal force needed to move the premolar 
teeth, the following force magnitudes were selected: 
25 grams, 50 grams, 75 grams, 125 grams, and 200 grams. 
7. Appliance Design. 
It has been stated earlier that in order to 
achieve translation it is necessary to apply a couple and 
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a force. The translatory force was derived from an open 
coil spring between the maxillary right second molar and 
the maxillary right second premolar. This open coil spring 
when compressed between the second premolar and the second 
molar acts reciprocally on these teeth, that is, it moves 
the second molar posteriorly and the second premolar 
anteriorly. To minimize the posterior movement of the 
second molar, a palatal arch wire was soldered to the 
second molar and canine bands on both sides. The appli-
ance was further stabilized by a bite plane fixed to the 
palatal arch wire. This bite plane also served to open the 
bite, thereby eliminating functional interferences from the 
incline planes of the high cusps of the posterior teeth. 
The couple was developed by a two point contact 
between the buccal tube on the second premolar band and the 
buccal arch wire. Due to the rigidity of this arch wire 
and the close fit between the buccal tube and the arch 
wire, little tipping can take place. 
8. Analysis of the Force System. 
The force developed by the coil spring will 
create a resisting force in the periodontal ligament. 
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This resisting force will be distributed throughout the 
fibre structure of the periodontal ligament, but it can be 
said to be acting principally at the centroid of the pro-
jected root area. This force is designated by the vector 
Fr (Fig. 1). The resisting force will have a turning 
moment with respect to the buccal tube, and as the tooth 
starts to move a couple will be developed by the arch wire 
opposing the turning moment of the force Fr. Each member 
of the couple is designated by the vector Fc (Fig. 1). 
The action of the couple on the arch wire will create a 
frictional force designated by the vector Ff . The magni-
tude of the frictional force will depend upon the couple 
and the coefficient of friction p. 
The coefficient of friction was determined from 
a series of tests and it was found to be 0.15. There was 
+-c -----6.4mm ------iI 
Fa 
5.4mm 
FIGURE 1 
DIAGRAM WITH DIMENSIONS FOR THE DETERMINATION 
OF THE MAGNITUDE OF THE COUPLE Fe-Fe 
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no significant difference from one buccal tube to another. 
The standard deviation was found to be 0.0075, giving a 
range for p = 0.15 + 0.015. Throughout this calculation 
the value p = 0.15 is being used. 
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The position of the centroid of the projected 
root area was determined using the principles outlined by 
Jarabak and Fizze11. Utilizing this information, the dis-
tance from the buccal tube to the centroid was determined 
(Fig. 2). 
d2 = ( 1.9 (_3.5»2 + ( 6.6 - 2.65)2 
= 29.16 + 15.6025 = 44.7625 
d = 6.7 mm. 
The equations of equilibrium were now applied to 
determine the magnitudes of the different forces. 
have: 
Using the sum of moments is equal to zero, we 
Fr x 6.7 - Fc x 3.2 - Fc x 3.2 = 0 
Fc = 1.05 Fr 
The frictional force created by the action of the 
couple on the arch wire will therefore be: 
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FIGURE 2 
DIAGRAM WITH DIMENSIONS FOR THE DETERMINATION 
OF THE MAGNITUDE OF THE COUPLE F c-F c 
Ff = 2 x 0.15 x Fc = 0.3 x 1.05 Fr 
Ff = 0.315 Fr 
The resisting force can now be expressed by the 
applied force designated by the vector Fa, using the 
equation the sum of the horizontal forces is equal to 
zero: 
Fa = Fr + Ff = Fr + 0.32 Fr = 1.32 Fr 
Fr = 0.75 Fa 
From these calculations it is evident that 25% 
of the activating force is dissipated by friction. The 
range of loss due to variation in the coefficient of 
friction is 25 + 2.5%. 
9. Appliance Construction. 
Bands made of 0.004" stainless steel band 
material were fitted to the maxillary right second pre-
molar, the maxillary second molars and the maxillary 
canines. These bands were made by the indirect method on 
stone casts, obtained from heavy rubber base impressions 
of the maxillary arch. A palatal arch wire was adapted 
and soldered to the second molar and canine bands. Spurs 
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were welded to the arch wire in the anterior region serv-
ing as attachment for the acrylic resin. 0.036" buccal 
tubes were soldered to the buccal surfaces of the right 
maxillary second molar, the right second premolar and the 
right maxillary canine. Precision alignment of the buccal 
tubes was obtained by placing a 0.036" stainless steel 
wire through the buccal tubes during the soldering pro-
cedures. A buccal sectional arch wire was then constructed 
from the right canine to the right second molar (Fig. 3). 
Two types of open coil springs were used in this experi-
ment. For the three lower magnitude forces (light forces) 
0.007" x 0.036" Elgiloy open coil spring was used. For 
the two high magnitude forces (excessive forces) 0.009" x 
0.036" Elgiloy open coil spring was used. The amount of 
coil spring used to produce a given force was found by 
using a specially designed instrument (Fig. 4). 
A bite plane was then constructed of autopoly-
merizing acrylic resin. This bite plane contacted the 
right central incisor and the left and right lateral 
incisor teeth. The bite plane did not contact the left 
EIGURE 3 
PASSIVE COMPONENT OF THE APPLIANCE ON WORKING MODEL 
FIGURE 4 
LOAD-DEFLECTION TESTING APPARATUS 
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central incisor which was being used in a joint experi-
ment. 
10. Appliance Assessment. 
The amount of coil spring to be used in each of 
the five experimental animals and the spring rate of each 
of the five coil springs was found by using the apparatus 
illustrated in Figure 4. The machine consists of two 
mounted stages, one of which is movable. The coil spring 
to be tested was fixed to the machine by a special jig 
designed for this purpose. The linear displacement was 
measured by dial indicator calibrated in 0.01 millimeter 
divisions. The magnitude of the force was measured by a 
force gauge mounted on the non-movable stage, and it had 
a range from 0 to 1000 grams in 10 gram divisions. 
The actual distance between the buccal tube on 
the maxillary second molar to the maxillary right second 
premolar was found by using a precision vernier caliper 
capable of reading to 1/20 millimeter. This distance was 
then transferred to the machine. A piece of open coil 
spring was then selected which when compressed to the 
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measured distance exerted the desired force. The open coil 
spring was then allowed to return to its passive state, and 
readings for the distance returned and the force exerted 
were obtained. This was repeated twice and the mean cal-
culated. This procedure was followed for the five springs, 
and graphs plotting the force versus the distance returned 
were obtained for each one (Figs. 5 to 9). 
A composite graph showing the characteristics of 
the five springs after allowing for a loss due to friction 
was also prepared (Fig . 10). 
Table I lists all the physical dimensions and 
physical properties of the five coil springs. 
11. Preparation of the Lead Acetate Solution. 
Sterile water, used to make the lead acetate 
solution, was prepared by boiling distilled water in a 
pressure cooker . One gram of Reagen Lead Acetate was dis-
solved in 250 milliliters of sterile water, to give a solu-
tion containing four milligrams per milliliter of solution. 
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COMPOSITE GRAPH OF ALL FIVE SPRINGS AFTER ALLOWING 
FOR FORCE LOSS DUE TO FRICTION 
TABLE I 
DIMENSIONS AND PHYSICAL PROPERTIES 
OF THE FIVE COIL SPRINGS 
Monkey I Monkey II Monkey III 
Size of Wire (in.) .007 .007 .007 
Diameter of Coil (in.) .036 .036 .036 
Length of Coil (mm.) 10.5 11. 9 14.1 
Activated Length (mm.) 9.1 8.9 9.1 
Spring Rate (gms./mm.) 17 17 15 
Force of Activation (gms.) 25 50 75 
Net Mesial Force (gms.) 19 37.5 56 
Monkey IV 
.009 
.036 
12.1 
9.1 
42 
125 
94 
Monkey V 
.009 
.036 
12.8 
8.8 
50 
200 
150 
w 
00 
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B. Methods. 
1. General Anesthetic. 
Appliance manipulation was done while the animal 
was under general anesthesia. The "squeeze cage techni-
que" was used to restrain the animal preparatory to 
injecting the anesthetic solution. The animal was weighed 
in the squeeze cage and the actual body weight obtained by 
subtracting the cage weight from the total weight. Sodium 
nembutal was given intravenously at the rate of 25 mgs. 
per Kg. of body weight. 
The anesthetized animal was taken from the 
squeeze cage to the operating table. Each limb of' the 
animal was secured to the operating table by strips of 
gauze as a precautionary measure. A suture was threaded 
through the tongue to secure an open airway by pulling 
the tongue forward. Ophthalmic ointment was placed in 
each eye to prevent drying and postoperative infection. 
2. Preparation of the Experimental Animal. 
After the animal was anesthetized the following 
procedures were employed on each animal: 
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(a) A prophylaxis was performed on the teeth of each 
animal. The teeth were scaled, and then polished to remove 
any remaining stain. 
(b) Heavy rubber base impressions were obtained of the 
maxillary arch using specially designed acrylic trays. 
Stone (Vel-Mix) models were prepared from these impressions 
on which the appliances were constructed. 
(c) The maxillary right first premolar was extracted. 
Care was exercised to minimize the destruction of the 
alveolar bone. After the extraction the oral cavity was 
inspected for any debris. If any present, this was removed 
and the moneky returned to its cage. In returning the 
animal to the cage it was laid on its side with the head 
facing obliquely downward. When the animal was breathing 
uniformly the tongue suture was removed. 
3. Appliance Cementation and Activation. 
One week following the extraction of the maxil-
lary first premolar, the animal was given a general 
anesthetic. To facilitate cementation and to make certain 
that no force would develop as a result of forcing the 
FIGURE 12 
APPLIANCE AFTER 28 DAYS 
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FIGURE 11 
APPLIANCE IN THE MOUTH 
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bands between the teeth during cementation, the contact 
points between the teeth to be banded were reduced with a 
diamond disc. The appliance was cemented in place using 
black copper cement. This was followed by the cementation 
of the second premolar band. A piece of 0.036" stainless 
steel wire was used at this time to make certain that the 
three buccal tubes were correctly aligned. The wire was 
kept in place until the cement had set. The buccal 
sectional arch wire,a1ong with the coil spring, was put in 
place and tied to the maxillary canine using 0.012" liga-
ture wire (See Fig. 11). 
The arms, hands and wrists of the animal were 
covered with stocking and wrapped with cotton wool. The 
arms were then wrapped with quick setting plaster of Paris 
wrapping. The plaster casts restrained the animals from 
destroying the orthodontic appliance. 
4. Lead Acetate Injections. 
One hour following cementation of the appliance 
each animal received an intravenous injection of lead 
acetate in a dosage of 4 mg. per Kg. of body weight. This 
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amount corresponded to I cc. per Kg. of the solution used. 
The animals received an intravenous injection once a week 
for a total of five injections, each injection being 
7 days apart. 
5. Animal Sacrifice and Perfusion. 
In order to insure good fixation all the animals 
were perfused. The animals were given a general anesthetic 
and an incision was made from the left clavicle down to the 
last rib on the left side. The skin was reflected to the 
right, and the sternum along with portions of the left and 
right ribs were removed. The arch of the aorta was freed 
by blunt dissection. The superior vena cava and the 
descending aorta were identified. 
The descending aorta was clamped off, and an 
incision was made into the pericardium. Another incision 
was made into the left ventricle and a canula connected 
to the perfusion liquids was passed into the ventricle 
and advanced into the arch of the aorta through the aortic 
valve. A suture was tied around the canula where it 
entered the aortic arch to prevent blood and perfusion 
\ 
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fluid from flowing back into the left ventricle. The 
superior vena cava was cut, and 10% sodium citrate was 
forced into the aorta through the canula. When the fluid 
returning from the superior vena cava was clear, the 10% 
sodium citrate solution was changed with a 10% formalin 
solution. The tissues now became very hard. The formalin 
solution was allowed to flow for 10 minutes. 
The animal was decapitated. After the skin, 
skull cap and the brain were removed, the remainder of the 
head was placed in 10% formalin solution for 1 week for 
fixation. 
After fixation selected specimens were removed 
from the animal for decalcification. 
6. Decalcification. 
The speciments were decalcified in 0.1 N HC1 
supersaturated with hydrogen sulphide. The hydrogen 
sulphide reacts with the deposited lead phosphate in the 
bone and changes it to lead sulphide which is insoluble. 
To insure supersaturation of the decalcifying liquid, 
hydrogen sulphide gas was bubbled through the solution 
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SPECIMENS 
FIGURE 13 
DIAGRAM OF DECALCIFICATION APPARATUS 
all the time. The excess hydrogen sulphide was passed 
through a solution of potassium permanganate and sodium 
hydroxide to reduce the amount of hydrogen sulphide leav-
ing the apparatus. The arrangement is illustrated in 
Figure 13. 
To check the state of decalcification periodic 
x-ray pictures were taken. Decalcification was stopped 
after the pictures showed all the calcified material had 
been removed. 
7. Embedding the Specimens., 
46 
The specimens were placed in a 10% gelatin solu-
tion with 0.1 mI. of zepharin chloride for 48 hours in an 
incubator at 37°-40°C. They were then transferred to a 
20% solution of gelatin for another 48 hours, and finally 
in 30% gelatin solution for 48 hours. 
The specimens were then embedded in 30% gelatin 
and the hardening of the blocks was hastened by placing 
them in the refrigerator. The blocks were further hardened 
by placing them in 10% formalin solution for 24 hours in 
the refrigerator. 
The blocks were stored in 10% formalin solution 
and kept in a refrigerator. 
8. Cutting the Sections. 
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The cutting of gelatin embedded specimens 
requires the use of a freezing microtome. To facilitate 
the cutting a cryostat was used. The advantage of the 
cryostat over a freezing microtome is that it has a 
freezing platform which is cooled by internal circulation 
of carbon dioxide. The cryostat also maintains a temper-
ature of -20 degrees Centigrade at all times, thereby 
eliminating the need for refreezing the specimens during 
the cutting procedures. The blocks were placed on mounting 
platforms and quick frozen, after which they were cut to a 
thickness of 25 microns. 
9. Mounting the Sections. 
The sections were floated onto a stender dish and 
placed on glass slides. Glycerin jelly was placed on top 
of the sections and they were covered with a cover glass. 
The sections were left to dry for 24 hours. 
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10. Measuring Instrument. 
The measuring instrument used in this experiment 
is a microscope mounted on a movable stage which in turn 
is fixed to a cast iron base. The instrument is shown in 
Figure 14. The microscope has a fine hair cross in the 
center of the field. The movement of the stage can be 
recorded and the calibrations are one hundredth of a milli-
meter increments (Fig. 15). The distance between the 
divisions are so large that reading down to a micron can 
be obtained. Ideally, the instrument should have been 
movable in two directions, but it was impossible to obtain 
such an instrument. 
Transilumination of the sections will be fur-
nished by turning the microscope one hundred and eighty 
degrees and placing a viewbox in front of the objective. 
Readings were obtained by placing the hair cross over the 
first leadline or the division between the new bone and 
the old bone. The stage was moved while the section was 
held in place until the hair cross fitted over the boundary 
of the bone and the periodontal space. Readings were taken 
IF] GURE 14 
MEASUR]NG INSTRUMENT 
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FIGURE 15 
DETAILED VIEW OF MEASURING INSTRUMENT 
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before and after, and the amount of bone deposited was the 
difference between the two readings. In a similar manner 
measurements of the periodontal width were obtained and 
the total measurement of bone deposited and the perio-
dontal width was found by adding the two previous measure-
ments. Measurements were taken at three points along the 
distal surface of the distobucca1 root of the maxillary 
second premolar. Each measurement was coded as seen in 
Figure 16. Measurements 1, 4, and 7 represent the amount 
of bone deposited. Measurements 2, 5, and 8 represent the 
width of the periodontal spac~ and measurements 3, 6, and 
9 represent the total of 1+2, 4+5, and 7+8, respectively. 
When necessary, measurements were taken along the mesial 
surface of the distobucca1 root of the second premolar. 
These measurements were designated with 10, 11, and 12. 
The measurements were taken at three points 
which were equidistant. The first three were taken close 
to the alveolar crest. The last three were taken near the 
apex, but not at the apex to eliminate interference from 
the curvature of the root. If measurements were taken on 
DISTAL 
FIGURE 16 
LOCATION OF MEASURING POINTS AND 
CODING OF MEASURED DISTANCES 
52 
53 
the mesial aspect of the root, these measurements were 
also taken at a point which was equidistant from the other 
points. The positions of the different measurements are 
illustrated in Figure 16. 
11. Testing the Measuring Instrument for Accuracy. 
The testing instrument was set up in the manner 
previously described. The distance between two points was 
measured by three different operators. Each operator took 
ten independent measurements in such a way that one 
operator made the readings while the second operator 
positioned the hair cross. The readings were made to the 
nearest micron. This method was used to exclude bias on 
the part of the operators. A statistical analysis was 
done on the data (Table II). 
The statistical analysis revealed there was no 
significant difference between the operators. The 99% 
confidence limits was found to be less than + 1/100 milli-
meter. On the basis of the statistical analysis it was 
decided to make all the measurements in 1/100 mm. Unless 
otherwise stated, all measurements will be expressed in 
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TABLE II. 
ANALYSIS OF VARIANCE 
SOURCES 
OPERATORS 
ERRORS 
TOTAL 
D.F. 
2 
27 
29 
S.S. 
64.2 
379.8 
444.0 
V.E. 
32.1 
14.1 
F.RATIO 
2.29 
SIGN. 
This F ratio is non-significant for (2.27) D.F. 
99% confidence limits for the three operators: 
N. S. 
OPERATOR 1. Standard deviation = 0.0032 millimeters 
99% confidence limits + 0.0083 mm. 
OPERATOR 2. Standard deviation = 0.0035 millimeters 
99% confidence limits + 0.0089 mm. 
OPERATOR 3. Standard deviation = 0.0030 millimeters 
99% confidence limits + 0.0076 mm. 
The 99% confidence limits reveal that they are less 
than plus or minus one hundredth of a millimeter for all 
the operators. 
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whole numbers which will have to be divided by hundred in 
order to obtain the correct distance in millimeters. This 
is done to facilitate the computations. 
CHAPTER IV 
FINDINGS 
1. Weight Changes of Animals . 
After the sacrifice of the animals the initial 
process of data reduction was begun . The experimental dis-
cipline involved the injection of a toxic substance into 
the vascular system, and as a consequence there could be 
toxic effects. Part of these effects would show up in 
weight loss . The data for analyzing the weight loss or 
gain was derived from Table III. The change in weight 
from week to week was computed by the difference between 
successive recordings . Since the animals varied in weight, 
the analysis of variance was carried out on the data after 
the change had been recorded as a percentage of the 
original weight. The main source of variation in these 
data were the weight change in the six animals and the four 
weeks. The animals represented a random distribution, 
while the weeks represented a continuous distribution. 
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TABLE III 
LEAD ACETATE INJECTIONS 
Monkey I Monkey II Monkey III Monkey IV Monkey V Monkey VI 
Date 7-13-66 7-13-66 7-15-66 7-15-66 7-15-66 7-13-66 
Body Weight Kgs. 4.590 3.400 3.450 3.800 4.680 3.000 
Lead Acetate ccs. 4.6 3.4 3.4 3.8 4. 7 3.0 
Date 7-20-66 7-20-66 7-22-66 7-22-66 7-22-66 7-20-66 
Body Weight Kgs. 4.500 3.300 3.420 3.700 4.740 3.290 
Lead Acetate ccs. 4.5 3.3 3.4 3.7 4.7 3.3 
Date 7-27-66 7-27-66 7-29-66 7-29-66 7-29-66 7-27-66 
Body Weight Kgs. 4.530 3.250 3.400 3.750 4.600 3.600 
Lead Acetate ccs. 4.5 3.3 3.4 3.7 4.6 3.6 
Date 8- 2-66 8- 2-66 8- 5-66 8- 5-66 8- 5-66 8- 2-66 
Body Weight Kgs. 4.540 3.200 3.530 3.820 4.400 3.630 
Lead Acetate ccs. 4.5 3.2 3.5 3.8 4.4 3.6 
Date 8-10-66 8-10-66 8-12-66 8-12-66 8-12-66 8-10-66 
Body Weight Kgs. 4.300 3.300 3.550 3.870 4.100 3.610 
Lead Acetate ccs. 4.3 3.3 3.6 3.9 4.1 3.6 
V1 
..... 
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The result of the statistical analysis is shown 
in Table IV. No variation was found between the weeks, but 
the variation between the animals was significant at the 5% 
level of probability. The studentized range test showed a 
significant difference between animal V and animal VI. 
There was no significant difference between the experi-
mental animals. 
There was some indication of a negative correla-
tion between the original weight and the weight change. 
The correlation coefficient between the two was found to 
be -0.889, giving a "t" -value of 3.88. This value of "t" 
for four degrees of freedom is significant at the 5% level 
of probability. An interpretation of this statistical 
analysis will be given in the discussion. 
2. Gross Histologic Appearance. 
A. Animal!. 
The periodontal ligament along the distal sur-
face of the distobuccal root of the second premolar appears 
thickened when compared with the periodontal ligament 
around the first molar. New bone has been deposited in a 
TABLE IV. 
ANALYSIS OF VARIANCE. 
(ANIMAL WEIGHT) 
SOURCES D.F. S.S. V.E. F.RATIO 
ANIMALS 
WEEKS 
ERRORS 
ANIMALS 
ERRORS 
5 154.5 30.9 2.55 
3 19.7 6.5 0.53 
15 181.4 12.1 
Adding S.S. from weeks to errors. 
5 
18 
154.5 
200.8 
30.9 
11.1 
2.77 
Studentized range test: 
K = k· ~ ~: ' = 4.49 x ~2.7875' -
Means arranged in order of value. 
V 
-3.1 
I 
-1. 68 
II 
-0.75 
IV 
0.48 
III 
0.75 
7.5 
SIGN. 
N. S. 
N. S. 
5% 
VI 
5.0 
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At the 5% level of probability there is a signifi~ant 
difference in the weight changes between -3.1 and 5.0. The 
difference in the behavior of animal V and VI is significant. 
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wedge-shaped manner (Fig. 17), being greatest at the crest 
and tapering toward the apical region where no bone has 
been deposited. The new bone is easily distinguished from 
the old bone by the lead demarcation line and also by the 
difference in the color between the old and the new bone. 
Lead lines are present in the newly deposited bone but 
they are rather difficult to distinguish. They appear 
irregular and seem to take a wavy course. 
The periodontal ligament on the mesial aspect 
appeared compressed. Howship's lacunae can be observed 
along the bone surface, suggesting bone resorption is tak-
ing place. The picture is the same along the distal sur-
face of the mesio-buccal root as it is along the distal 
surface of the distal-buccal root. The bone deposition 
appears irregular and osteophytic. This is evidenced by 
projections of bone or osteophytes into the periodontal 
space. On the surface of these osteophytes further bone 
deposition has taken place in a more regular manner by 
direct surface apposition. In the areas close to the 
root apex the bone does not have the same irregular 
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FIGURE 17 FIGURE 18 
BONE DEPOSITION NEAR THE PARALLEL BONE 
ALVEOLAR CREST IN ANIMAL I DEPOSITION IN ANIMAL II 
(85X) (85X) 
D = Dentin 
OB = Old Bone 
NB = New Bone 
PL = Periodontal Ligament 
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appearance and there is not so much of it. In this region 
the bone seems to be deposited by direct surface apposition 
and no osteophytic bone formation. Bone resorption has 
taken place along the mesial surface of the mesio-bucca1 
root. 
From this general description it appears that 
the tooth has tipped around an axis located close to the 
root apex, with the crown witnessing the greatest amount 
of movement. 
Only minute areas of resorption of the root could 
be found, and they were so small and so few as to be insig-
nificant. The depth of these resorptive areas do not 
exceed 3/100 mm. 
The first molar gives the impression of having 
moved mesially due to resorptive areas along the mesial 
surfaces and bone deposition along the distal surfaces of 
the socket. 
B. Animal II. 
The picture in animal II is somewhat different 
from that observed in animal I. The cresta1 area on the 
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distal aspect of the second premolar appears rounded and 
the lead demarcation line between the new and the old bone 
is also round, giving the impression some initial resorp-
tion has taken place before bone started to be deposited. 
This happened, it is believed, because the band was placed 
more cervically, leading to increased tissue pressure 
resulting in bone resorption. The newly deposited bone 
has a different shape than in animal I, being more rec-
tangular than wedge shaped (Fig. 18). Bone has been 
deposited rather evenly along the whole distal wall of the 
dis to-buccal socket, suggesting translatory movement. The 
bone is irregular in appearance and in most areas the lead 
lines are very faint. They are irregular and there appears 
to be no dif£erence in the distance between them. The new 
bone has a different color from the old bone, making it 
easy to distinguish. The periodontal ligament along the 
distal surface of the dis to-buccal root is increased in 
thickness while along the mesial aspect of the root the 
ligament appears compressed. Howship's lacunae along the 
mesial wall of the dis to-buccal socket is evidence of root 
resorption and suggests the tooth is moving in a mesial 
direction. 
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The picture is similar along the mesio-buccal 
root. The general appearance suggests a movement approach-
ing translation. 
C. Animal III. 
The major difference between this animal and the 
two previously described is mainly in the amount of bone 
deposited. It appears to be greater in this animal. Again 
the bone is deposited in an irregular manner with osteo-
phytes projecting into the periodontal space (Fig. 19). 
The periodontal ligament is increased in thickness on the 
distal aspect of the roots. It is decreased in thickness 
on the mesial aspects of the roots. In areas the perio-
dontal space has been reduced considerably, so that now 
the tooth appears to be nearly in contact with the alveolar 
wall. There is no evidence of root resorption, but bone 
resorption has taken place on the mesial aspect of the 
roots. The increase in size of the periodontal space 
FIGURE 19 
OSTEOPHYTIC BONE 
DEPOSITION IN ANIMAL III 
(85X) 
D = Dentin 
R = Resorption 
PL = Periodontal Ligament 
OB = Old Bone 
NB = New Bone 
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EIGURE 20 
ROOT RESORPTION IN ANIMAL IV . 
(2l0X) 
around the apex of the dis to-buccal root indicates some 
extrusion has occurred. 
D. Animal IV. 
r 
\ 
The same general appearance described in the 
previous animals can be observed. The amount of bone 
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deposited is greater than in animals I, II, and III. This 
newly deposited bone shows the same irregularity and gives 
the impression of being osteophytic. Alveolar bone 
resorption and Howship's lacunae are present along the 
entire length of the bony surface on the compression side. 
There are two areas of root resorption on the mesial aspect 
of the mesio-bucca1 root, the deepest of which is 6/100 mm. 
(Fig. 20). Some extrusion of the dis to-buccal root has 
taken place and bone has been deposited in the apical 
portion of the socket. 
E. Animal V. 
The amount of bone deposited in this animal is 
smaller on the tension side than the amount deposited on 
the tension side of animal IV. The periodontal space is 
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FIGURE 21 
BONE DEPOSITION AROUND APEX OF THE DISTO-BUCCAL ROOT OF 
D = Dentin 
LL = Lead Lines 
OB = Old Bone 
ANIMAL V 
(2l0X) 
PL = Periodontal Ligament 
increased in width on the tension side and is reduced in 
width on the compression side. The bone is irregular in 
appearance but the amount deposited is relatively uniform 
from the crest toward the apex. The new bone is stained a 
little more heavily when compared with the animals pre-
viously described. The general appearance suggests a move-
ment approaching translation. A minimal amount of bone was 
deposited in the apical .region, suggesting some extrusion 
had occurred (Fig. 21). 
A few small areas of root resorption can be 
observed. They measure in depth 4/100 nnn. 
F. Animal VI. 
Animal VI was the control animal and no ortho-
dontic force was applied to its teeth. These teeth were 
banded as described for animals I, II, III, IV, and V, but 
no forces were applied to its teeth. The appearance of 
these sections is completely different from the sections 
of the other five animals. The newly deposited bone was 
laid down in a wedge-shaped manner. The deposition was 
greatest at the alveolar crest. The amount of bone laid 
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FIGURE 22 
BONE RESORPTION ALONG THE 
DISTAL WALL OF THE ALVEOLAR 
SOCKET NEAR THE APEX OF THE 
DISTO-BUCCAL ROOT IN ANIMAL VI 
(8SX) 
D = Dentin 
C = Cementum 
P = Pulp 
LL = Lead Lines 
PL = Periodontal Ligament 
OB = Old Bone 
fI~URE 23 
LEAD LINES IN DENTIN 
(ANIMAL V) 
(210X) 
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down tapers off as the middle of the root is approached. 
From this point apically there was bone resorption along 
the distal wall of the dis to-buccal surface of the alveolar 
socket. Bone deposition occurred close to the apex on the 
mesial side of the dis to-buccal root. Further on the 
mesial wall of the dis to-buccal alveolar socket, resorp-
tion has taken place. Bone was laid down on the mesial 
aspect of the interradicular septum and the amount 
deposited tapers off as the apex of the mesio-buccal root 
is approached. Bone resorption is taking place in the same 
manner described for the dis to-buccal root near the apex. 
Bone deposition has occurred on the mesial wall of the 
mesio-buccal alveolar socket and further up the mesial wall 
of the alveolar socket bone resorption has taken place. 
The general picture is that of tipping around an axis 
located within the root. Only minor resorptive areas on 
the root surface could be found. (Fig. 22) 
3. Histologic Appearance of the Lead Lines. 
A. Lead Lines in Dentin. 
The lead lines are regular, indicating that the 
deposition of dentin has taken place uniformly. They are 
evenly spaced, suggesting no variation in the amount of 
dentin laid down per week. The lines are thicker in some 
, areas, pointing out that more dentin matrix has been 
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present here at the time of injection of lead acetate. (Fig. 23) 
B. Lead Lines in Bone. 
Figure 24 and Figure 25 demonstrate the appear-
ance of regular lead lines. In Figure 24 four regular and 
evenly spaced lines can be discerned. In Figure 25 the 
five lines are relatively uniform, but there is some 
irregularity between line one and two. Figure 26 demon-
strates four clearly marked lead lines. There is great 
variation in the distance between the lines from area to 
area. Toward the top of the picture the lines nearly 
merge to one line. This same picture is demonstrated in 
Figure 27. This figure is, however, taken from the distal 
aspect of the mesio-buccal root of the maxillary first 
molar. Five distinct lines can be made out in the top of 
the picture, and they nearly merge into one line as one 
FIGURE 24 FIGURE 25 
LEAD LINES NEAR DISTO-BUCCAL ROOT APEX 
OB = Old Bone 
LL = Lead Lines 
(ANIMAL III) 
(420X) 
PL = Periodontal Ligament 
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FIGURE 26 
IRREGULAR LEAD LINES NEAR 
DISTO-BUCCAL ROOT APEX 
(ANIMAL I) 
(210X) 
D = Dentin 
OB = Old Bone 
LL = Lead Lines 
PL = Periodontal Ligament 
PL 
FIGURE 27 
LEAD LINES AROUND 
MAXILLARY FIRST MOLAR 
(ANIMAL V) 
(210X) 
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OB 
Pl 
FIGURE 28 
-
-
LEAD LINES- AROUND MAXILLARY FIRST MOLAR 
OB = Old Bone 
LL = Lead Lines 
(ANIMAL V) 
(420X) 
PL = Periodontal Ligament 
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FIGURE 29 FIGURE 30 
OSTEOPHYTE OSTEOPHYTE AT HIGHER 
(ANIMAL V) MAGNIFICATION 
(85X) (ANIMAL V) 
(210X) 
D = Dentin 
0 = Osteophyte 
LL = Lead Lines 
PL = PeriodontaL Ligament 
OB = Old Bone 
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comes toward the middle of the picture. Figure 28 is also 
-- : 
taken from the maxillary first molar area, but in this 
case the lines are evenly spaced and uniform. 
A somewhat different bone deposition can be 
observed in Figure 29. This is a low power view demon-
strating an osteophyte with surface apposition of bone as 
demonstrated by the lead lines. Four lines can be found 
on the surface of the osteophyte. This is more clearly 
discerned in Figure 30 which is the same osteophyte at a 
higher magnification. 
Figure 31 is a more complex picture. Here sur-
face apposition on top of the osteophytes can be observed. 
In addition there has been direct apposition of bone upon 
the alveolar wall. Five lines are clearly visible, but 
the distance between them decreases as the periodontal 
space is approached. The last two lines are rather diffi-
cult to distinguish. This reduction in bone deposition is 
possibly due to the protective cover afforded by the 
osteophytes. 
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FIGURE 31 FIGURE 32 
OSTEOPHYTIC BONE 1)EPOSITION - OSTEOPHYTIC BONE DEPOSITION 
(ANIMAL IV) (ANIMAL III) 
(85X) (2l0X) 
o = Osteophyte 
OB = Old Bone 
NB = New Bone 
LL = Lead Lines 
D = 
PL = 
OB = 
NB = 
FIGURE 33 
OSTEOPHYTIC BONE DEPOSITION 
Dentin 
Periodontal 
Old Bone 
New Bone 
(ANIMAL I) 
(2l0X) 
Ligament 
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o 
PL 
OB 
NB 
= 
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FIGURE 34 
OSTEOPHYTIC BONE DEPOSITION 
Osteophyte 
Periodontal 
Old Bone 
New Bone 
(ANIMAL II) 
(210X) 
Ligament 
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FIGURE 35 
BONE DEPOSITION IN ADVANCE OF BONE RESORPTION 
(ANIMAL II) 
(210X) 
D = Dentin 
R = Resorption 
PL = Periodontal Ligament 
OB = Old Bone 
NB = New Bone 
FIGURE 36 
BONE RESORPTION FOLLOWING BONE DEPOSITION 
(ANIMAL II) 
(2l0X) 
PL = Periodontal Ligament 
R = Resorption 
OB = Old Bone 
NB = New Bone 
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Figures 32 to 34 demonstrate osteophytic bone 
deposition where no distinct lead lines can be found. The 
bone gives the impression of being stained over the whole 
area instead of in distinct lines as previously shown. 
Bands of bone deposition can be observed in Figure 32. In 
Figures 33 and 34 the bone appears like a stained mass with 
no indication of lead lines. 
Figures 35 and 36 are unique. The first demon-
strates bone deposition in advance of bone resorption. 
Faint lead lines can be discerned. This picture was taken 
on the mesial aspect of the dis to-buccal root. Figure 36 
demonstrates bone resorption following bone deposition. 
This picture was taken in the area between the first molar 
and the second premolar. Bone deposition has taken place 
on the mesial aspect of the cribriform plate and bone 
resorption on the distal aspect of the cribriform plate. 
4. Data Reduction. 
After the histologic examination was completed 
the process of data reduction was continued. This con-
sisted of taking measurements along the distal surface 
of the dis to-buccal root of the maxillary second premolar 
as described in CHAPTER III, METHODS AND MATERIALS. 
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Table V is a sample data sheet. The sheet contains the 
amount of bone deposited, the periodontal width and the sum 
of these two measurements for the three measuring areas. 
The measurements are given according to Figure 16 in 
CHAPTER III, METHODS AND MATERIALS. The measurements were 
taken on ten sections which were cut close to or through 
the apex. The mean, the standard deviation and the 
standard error of all the measurements for the six animals 
were computed and are given in Table VI. 
In addition to the measurements along the distal 
surface of the dis to-buccal root of the maxillary second 
premolar, measurements were taken on the mesial aspect of 
the same tooth near the apex in the case of animal VI. 
Measurements 7, 8, and 9 for animal VI do, in this case, 
represent measurements 10, 11 and 12, respectively. 
Measurements were also taken of the periodontal 
width of the maxillary first molar. Three areas were 
measured to correspond to the measuring areas on the 
TABLE V 
ANIMAL II 
SECTION 1 2 3 4 5 6 7 8 9 
2a 23 25 48 18 22 40 17 27 44 
2b 22 24 46 19 22 41 18 28 46 
3a 22 26 48 20 23 43 18 24 42 
3b 22 26 48 20 22 42 17 29 46 
4a 24 25 49 17 26 43 17 29 46 
4b 22 25 47 17 26 43 18 27 45 
Sa 22 25 47 17 26 43 21 24 45 
5b 22 25 47 19 25 44 18 27 45 
6a 23 26 49 20 24 44 19 24 43 
6b 23 25 48 19 26 45 22 24 46 
LX 225 251 476 186 242 428 185 263 448 
-
x 22.5 25.1 47.6 18.6 24.2 42.8 18.5 26.3 44.8 
2 ([)t) 50625 63001 226576 34596 58564 183184 34225 69169 200704 
(D?) 5067 6303 22666 3474 5886 18339 3429 6957 20088 
K - 2 x-x) 4.5 2.9 8.4 14.4 29.6 20.6 6.5 40.1 17.6 
S.D. 0.71 0.57 0.97 1. 26 1. 81 1. 51 0.85 2.11 1.40 
S.E. 0.22 0.18 0.31 0.40 0.57 0.48 0.27 0.67 0.44' ex> +' 
TABLE VI 
1 2 3 4 5 6 7 8 9 
ANIMAL I MEAN 32.2 31.4 63.4 14.8 22.9 17.7 0 31. 0 31. 0 
S.D. 1.40 1. 35 1. 06 1. 69 1. 59 1. 70 0 2.05 2.05 
S.E. 0.44 0.43 0.34 0.53 0.50 0.54 0 0.65 0.65 
ANIMAL II MEAN 22.5 25.1 47.6 18.6 24.2 42.8 18.5 26.3 44.8 
S.D. 0.71 0.57 0.97 1. 26 1. 81 1. 51 0.85 2.11 1.40 
S.E. 0.22 0.18 0.31 0.40 0.57 0.48 0.27 0.67 0.44 
ANIMAL III MEAN 52.5 16.1 67.6 17.7 24.9 52.6 15.8 31. 7 47.5 
S.D. 1. 08 0.87 1. 26 2.33 1. 79 1. 90 2.65 2.49 2.00 
S.E. 0.34 0.28 0.40 0.74 0.57 0.60 0.84 0.79 0.63 
ANIMAL IV MEAN 71. 8 41.4 113.2 60.6 33.1 93.7 50.1 39.0 89.1 
S.D. 2.30 1. 65 1. 63 3.06 2.69 1. 74 3.45 1. 94 1. 67 
S.E. 0.73 0.52 0.52 0.97 0.85 0.55 1. 09 0.61 0.53 
ANIMAL V MEAN 38.5 29.6 68.1 32.2 30.0 62.2 33.1 29.9 63.0 
S. D. 1.43 1. 51 1. 29 1. 99 2.06 1.14 1. 60 2.23 1.41 
S. E. 0.45 0.48 0.41 0.63 0.65 0.36 0.51 0.71 0.45 
ANIMAL VI MEAN 47.1 19.7 66.8 8.1 18.9 27.0 14.8 29.4 44.2 
S. D. 1. 67 0.67 1. 63 1. 00 1. 29 1.15 2. 75 1.43 1. 56 00 
S.E. 0.53 0.21 0.52 0.32 0.41 0.36 0.87 0.45 0.49 V1 
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second premolar. The means of these measurements were 
calculated and were found to be: 
CREST: 
MIDDLE: 
APEX: 
0.16 millimeters 
0.13 millimeters 
0.19 millimeters 
5. Interpretation of the Data. 
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A force system applied to the tooth can cause 
movement in the three planes of space. In this investi-
gation only changes in the mesio-dista1 plane were 
evaluated. Orthodontic tooth movement is followed by bone 
deposition and in the case of bodily movement of teeth, 
bone should be deposited uniformly along the side of ten-
sion. Bone deposition had taken place along the cribri-
form plate adjoining the distal surface of the disto-
buccal root in all the experimental animals, with the 
exception of animal I where no deposition occurred in the 
apical region, nor was there any resorption in this area. 
This suggests that the teeth had moved in a translatory 
manner or in a combination of translation and tipping. 
The control animal showed bone deposition at the alveolar 
\ 
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crest and resorption in the apical area, with bone depo-
sition taking place on the mesial wall of the dis to-buccal 
alveolar socket. This type of bone deposition suggests 
tipping with the center of rotation lying within the root. 
6. Statistical Analysis. 
Fisher's analysis of variance was used to analyze 
the data obtained in this experiment. The main sources of 
variation from the data on bone deposition were animals, 
areas and sections. The result of the statistical analysis 
shown in Table VII reveals there was a significant differ-
ence between the animals and between the areas. The 
highly significant interaction between animals and areas 
indicated that the amount of bone deposited in each area 
varied in the six experimental animals. There was no 
significant difference between the sections. Since the 
interactions animals x sections and areas x sections are 
not significant, we may combine the corresponding sum of 
squares with that for residual error to obtain a more 
accurate estimate of the population variation. 
TABLE VII 
ANALYSIS OF VARIANCE 
BONE DEPOSITION 
SOURCES D.F. S.S. V.E. F.RATIO 
ANIMALS 5 46607 9321 2741 
SECTIONS 9 24 2.7 0.8 
AREAS 2 22071 11036 3246 
A x S 45 227 5.0 1.47 
Ar x S 18 105 5.83 1. 65 
Ar x A 10 12015 1202 353.4 
RESIDUAL ERROR 90 310 3.4 
TOTAL 179 81359 
ESTIMATE OF EXPERIMENTAL ERROR = 3.654 
STANDARD DEVIATION OF ERROR = + 1. 91 
99% CONFIDENCE LIMITS = + 4.9 
CONVE~TED TO MILLIMETERS 99% CONFIDENCE LIMITS 
D.F. = DEGREES OF FREEDOM 
S.S. = SUMS OF SQUARES 
V.E. = VARIATION ESTIMATE 
F.RATIO = VARIANCE RATIO 
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SIGNIFICANCE 
0.1% *** 
N.S. 
0.1% *** 
N. S. 
N.S. 
0.1% *** 
= + 0.049 
*** = VERY HIGHLY SIGNIFICANT VARIANCE RATIO 
N.S. = NON-SIGNIFICANT VARIANCE RATIO 
TABLE VIII 
ANALYSIS OF VARIANCE 
TOTAL DISTANCE 
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SOURCES 
ANIMALS 
SECTIONS 
AREAS 
D.F. S.S. V.E. F. RATIO SIGNIFICANCE 
5 110716 22143 5686 
9 28 3.1 0.77 
A x S 
Ar x S 
Ar x A 
2 
45 
18 
10 
RESIDUAL ERROR 90 
32105 
86 
39 
42818 
365 
TOTAL 179 186157 
16053 3943 
1.9 0.47 
2.2 0.53 
4282 1052 
4.1 
ESTIMATE OF EXPERIMENTAL ERROR = 3.14 
STANDARD DEVIATION OF ERROR 
99% CONFIDENCE LIMITS 
= + 1. 77 
= + 4.5 
0.1% *** 
N. S. 
0.1% *** 
N. S. 
N.S. 
0.1% *** 
CONVERTED TO MILLIMETERS 99% CONFIDENCE LIMITS = + 0.045 
D.F. = DEGREES OF FREEDOM 
S.S. = SUMS OF SQUARES 
V.E. = VARIANCE ESTIMATE 
F.RATIO = VARIANCE RATIO 
*** = VERY HIGHLY SIGNIFICANT VARIANCE RATIO 
N.S. = NON-SIGNIFICANT VARIANCE RATIO 
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The ERROR variance or the estimate of experi-
mental error thus obtained was 3.654, and the standard 
error of measurement was the square root of this number, 
or + 1.91. The 99% confidence limits of the distribution 
of this experimental error were + 4.9. Since these 
measurements were made in 1/100 millimeters, this error is 
+ 0.049 millimeters. This is equivalent to about five 
times the smallest increment on the measuring scale. This 
error was acceptable from an experimental point of view. 
A similar statistical analysis was carried out 
on the total distance from the first deposition line to 
the tooth surface. The result of this statistical analysis 
is shown in Table VIII. The same results as the previous 
analysis were obtained; the only difference noted was in 
the residual error. After the sums of squares for the non-
significant interactions had been added to the residual 
error, the error variance became 3.14. The square root of 
3.14 was + 1.77 and the 99% confidence limits of such 
distribution of experimental error is + 4.5. Since these 
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measurements were made in 1/100 mm., this is equivalent to 
+ 0.045 mm. This amount of experimental error was again 
acceptable. 
B. Correlation and Regression. 
The next step in the statistical analysis was 
the correlation between the bone deposition in the three 
measured areas with the total sum of ,bone deposited and 
periodontal width for that area. This latter distance is 
related to the distance the tooth has moved. In addition, 
the amount of bone deposition was also correlated with a 
computed distance moved. This computed distance was 
obtained by subtracting from the previous mentioned total, 
an estimated periodontal width. Both correlation coeffi-
cients, their "t" -values and the regression equations are 
shown in Table IX. Both correlation coefficients are very 
highly significant. Figure 37 depicts the two regression 
curves. 
C. Analysis of Weekly Deposition. 
The remark was made during the description of 
the sections that the lead lines for the most part were 
TABLE IX 
CORRELATION 
BONE DEPOSITION AND TOTAL DISTANCE FROM FIRST LEAD LINE 
TO TOOTH 
r = 0.93537 
"t" = 10.58 
REGRESSION EQUATION 
Y = 1.09 X +25.2 
Y = TOTAL DISTANCE 
X = AMOUNT OF BONE DEPOSITED 
BONE DEPOSITION AND COMPUTED DISTANCE MOVED 
r = 0.96581 
"t" = 56.68 
REGRESSION EQUATION 
Z = 1.13 X +8 
Z = COMPUTED DISTANCE 
X = AMOUNT OF BONE DEPOSITED 
BOTH VALUES OF "t" ARE SIGNIFICANT AT A LEVEL LESS THAN 
0.1% OF PROBABILITY 
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REGRESSION CURVES 
BONE DEPOSITION Ilia millimeter divisions 
FIGURE 37 
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difficult to observe, and that when they could be examined 
there was a great variation between them from area to area 
and from section to section. This great variation would 
make it impossible to detect any variation in the bone 
deposition in relation to time. In a few places, however, 
the lead lines were more regular and ran a more parallel 
course. It was decided to measure the distances between 
the lead lines in these regions and see if there was any 
variation. 
The result of the statistical analysis is given 
in Table X. There was no significant difference between 
the weeks nor between the sections at the 5% level of 
probability. 
7. Curve Fitting. 
When the applied force was plotted against the 
total amount of bone deposited along the distal wall of 
the dis to-buccal alveolar socket, it was noted that the 
data did not fit a linear curve. The value for the bone de-
posited was obtained by adding the mean value for the bone 
deposited in the three areas together. In the case of 
. , .. 
TABLE X 
ANALYSIS OF VARIANCE 
(VARIATION BETWEEN LEAD LINES) 
SOURCES 
WEEKS 
SLIDES 
ERROR 
TOTAL 
D.F. 
3 
9 
27 
39 
S.S. V.E. 
3.3 1.1 
16.1 1. 79 
23.5 0.87 
42.9 
D.F. = DEGREES OF FREEDOM 
S.S. = SUMS OF SQUARES 
V.E. = VARIANCE ESTIMATE 
F.RATIO = VARIANCE RATIO 
F.RATIO 
1. 265 
2.064 
N.S. = NON-SIGNIFICANT VARIANCE RATIO 
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SIGNIFICANCE 
N. S. 
N.S. 
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animal VI the amount of bone deposited was obtained by 
subtracting from the amount of bone deposited, an esti-
mated amount of bone resorbed in the apical region. This 
latter value was obtained by adding the amount of bone 
deposited and the periodontal width on the mesial aspect 
of the root to the periodontal width on the distal 
aspect of the root. From this sum was subtracted two 
times the estimated periodontal width for this area. As 
a check on the accuracy of this method, it was known from 
the previous statistical analysis that bone resorption 
takes place a little faster than bone deposition and con-
sequently the amount of bone resorbed on the distal aspect 
of the disto-buccal root should be greater than the amount 
of bone deposited on the mesial aspect of the disto-buccal 
root. This relationship was found to exist. 
Bone deposition and for that matter bone resorp-
tion are simple growth phenomena, and it was decided to fit 
the exponential growth curve to these data. The equation 
for this curve is given by: 
s = 
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where S is the amount of bone deposited and f is the force 
applied. A and c are coefficients which have to be deter-
mined and e is the natural number given by: 
1 n 
e = limit (1 + Ii) 
as n-.oo 
By taking natural logarithms to this formula we 
get: 
In S = In A + cf 
This curve can be compared with the curve 
y = + 
where y = In S, ao = In A, a l = c, and f = x. 
The coefficients of this linear curve can be 
determined using the data listed in Table XI. The equation 
then became: 
In S = 3.58988 + 0.016728 f 
The calculation for obtaining this equation is given in 
Figure 38. 
Changing the equation to the exponential form 
gives: 
0.016728 f 
S = 3.623 e 
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TABLE XI 
FORCE BONE DEPOSITED 
0 grams .;, 40.5 
18.8 grams 47 
37.5 grams 59.6 
56.3 grams" 95.0 
93.6 grams · 182.5 
150.0 grams 103.8 
y 
All values 
f S 0 x 
o - 37.8 1 
1 - 47.0- 1 
2 - 59.6 1 
3 - 95.0 1 
5 - 182.5 1 
5 
So = 5, sl = 
cf 99 
S = A e 
In S = In A + cf 
(y = ao + a1x) 
= In S, ao = In .(\., a1 = c, x = f. 
for the applied force coded with k = 18.75 
x 
0 
1 
2 
3 
5 
11 
11, 
1 2 f2 y :0: In S x = 
0 3.63231 
1 3.85015 
4 4.08766 
9 4.55388 
25 5.20674 
39 21. 33074 
s3 = 39, v = 21.33074, 0 
sl ao + s2 a1 = VI 
5ao + 11a1 = 21.33074 
11ao + 39a1 = 51.72083 
x·y = f In 
0 
3.85015 
8.17532 
13.66164 
26.03372 
51.72083 
VI = 51. 72083 
Solving the two equations simultaneously and 
dividing the value for a1 with k gives: 
ao = 3.58988, a1 = 0.016728 
In S = 3.58988 + 0.016728 f 
FIGURE 38 
CALCULATION OF EQUATION FOR BONE DEPOSITION CURVE 
S 
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This curve has been plotted in Figure 39. It 
will be noted that the amount of bone deposited in animal V 
has not been included in the calculation because this value 
did obviously not fit the curve. 
In order to find the goodness of f~t of this 
curve to the measured data, the natural logarithm of the 
observed bone deposition was regressed on the applied 
force. The closeness of fit of these data to the equation 
In S = 3.58988 + 0.016728 f 
was estimated. (Fig. 40) 
The standard deviation from regression was found 
to be: 
Sy·x = 0.09 
and the standard deviation of the regression coefficient: 
= 0.000412844 
The "t"-test was then applied and the value for 
"t" was found according to the following formula: 
"t" = _~b __ 
sb 
"t" = 40 
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This value for "t" is very highly significant 
and shows that the observed data fits the curve very well 
from a statistical point of view. 
The same principles were applied in the curve 
fitting of the estimated tooth movement to the force 
applied. In this case the mean movement of the three 
measuring points was used. The value for animal V was not 
used in the computations, because it obviously did not fit 
any curve passing through the points obtained from the 
other five animals. 
equations: 
Mathematical computation gave the following 
or 
1n R = 2.93738 + 0.0146215 f 
0.0146215 f 
R = 18.85 e 
The goodness of fit was tested in the same manner 
as the previous example and the "t"-va1ue estimated. This 
was found to be 7.82, which for 3 degrees of free~om is 
significant at the 1% level of probability. Table XII 
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TABLE XII 
FORCE DISTANCE MOVED 
0 grams 13.2 
18.8 grams 28.1 
37.5 grams 29.0 
56.3 grams 40.0 
93.6 grams 82.7 
150.0 grams 48.4 
The measurements for the distances moved 
are given in 1/100 millimeters units. 
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lists the data used in the computations and Figure 41 
demonstrates the plotting of the curve obtained. 
8. Determination of Tooth Movement and Center of Rotation. 
A new method was devised to determine the type 
of tooth movement that had taken place. The data from 
animal V will be used to describe the method. 
From Table VI the mean, of the total distance 
from the first line to the tooth is found for the three 
areas. From these measurements is subtracted the estimated 
periodontal width, to give an estimated tooth movement. 
Total Estimated Estimated 
Distance Per. Width Tooth Mov. 
Crest: 68.1 16 = 52.1 
Middle: 62.2 13 = 49.2 
Apex: 63.0 19 = 44.0 
All measurements are given in 1/100 mm. Table XIII lists 
the distances between the measuring points and the distance 
of the apical measurement from the root apex. 
DISTANCE BETWEEN 
APICAL AND CRESTAL 
MEASURING POINT 
ANIMAL I 5.0 IInn. 
ANIMAL II 5.0 IInn. 
ANIMAL III 5.6 IInn. 
ANIMAL IV 5.2 IInn. 
ANIMAL V 4.8 IInn. 
ANIMAL VI 6.0 IInn. 
TABLE XIII 
DISTANCE BETWEEN 
CRESTAL AND MIDDLE 
MEASURING POINT 
2.5 IInn. 
2.5 IInn. 
2.8 IInn. 
2.6 mm. 
2.4 IInn. 
3.0 IInn. 
DISTANCE FROM ROOT 
APEX TO APICAL 
MEASURING POINT 
0.10 IInn. 
0.15 IInn. 
0.15 IInn. 
0.20 IInn. 
o. 15 IInn. 
0.20 IInn. 
I-' 
o 
00 
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The distance between the apical and alveolar 
crest measuring point was 4.8 millimeters, and the middle 
measuring point was equidistant from these two points. 
The regression curve for these data was no • 
found according to standard procedures and gave the follow-
ing equation: 
y = 52.93 - 1.688 x 
The center of rotation is now given by the inter-
cept on the x-axis found to be 31.37 millimeters. 
The apical measurement was taken O.lS mm. from 
the root apex whicb means the tooth tipped around an axis 
located: 
31.37 mm. - 4.8 mm. - 0.15 mm. = 26.72 rnm. 
from the root apex. 
The degree of tipping is given by the formula 
tan ~ 
tan oc 
= -b/IOO 
= 0.01688 
= 58' 
The tooth tipped 58' in a mesial direction. 
Table XIV gives the center of rotation in rela-
tion to the root apex and the degree of tipping of all , 
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TABLE XIV 
DISTANCE FROM CENTER OF 
DEGREE OF CRESTAL MEASURE- ROTATION 
ANIMAL TIPPING MENT TO APEX FROM APEX 
1 4° 5 ' 5.10 Imll. 1. 3 Imll. 
2 45' 5.15 Imll. 21. 5 Imll. 
3 2° 18' 5.75 Imll. 7.0 Imll. 
4 2°59' 5.40 Imll. 13.1 Imll. 
5 58' 4.95 Imll. 26.7 Imll. 
6 7°13' 6.20 Imll. -2.2 Imll. 
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the six premolars utilized in this experiment. Table XV 
lists all the regression curves. 
As a check on the accuracy of this method to 
estimate tooth movement which has taken place, the devia-
tions from the regression line were calculated for all the 
animals. These data are listed in Table XVI . The stand-
ard deviation of these deviations was calculated and found 
to be 0.0135 millimeter. 
ANIMAL I 
ANIMAL II 
ANIMAL III 
ANIMAL IV 
ANIMAL V 
ANIMAL VI 
TABLE XV 
REGRESSION EQUATIONS 
Y = 49.98 7.14 
Y = 32 1.2 
Y = 51. 08 4.01 
Y = 96.25 5.21 
Y = 52.93 1. 69 
Y = 51. 20 -12.67 
X 
X 
X 
X 
X 
X 
In these formulas Y is measured in 
millimeters and X is measured in hundredths of a 
millimeter. 
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TABLE XVI 
DEVIATIONS FROM REGRESSION CURVES 
CREST MIDDLE APEX 
ANIMAL I 1. 72 -3.43 1. 72 
ANIMAL II -0.40 0.80 -0.40 
ANIMAL III -0.83 1.66 -0.83 
ANIMAL IV 0.95 -1 . 90 0.95 
ANIMAL V 0.12 -0.23 0.12 
ANIMAL VI -0.40 0.80 - 0.40 
Standard deviation for these deviations was 
calculated, and found to be: 
S.D. = 1. 35 
All measurements are given in hundredths of a 
millimeter. 
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CHAPTER V 
DISCUSSION 
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Optimal forces have received considerableatten-
tion in recent years, particularly those obtained from 
continuous force appliances, and rightfully so, because as 
orthodontists we want to fulfill our objectives with the 
least amount of damage to the teeth and their surrounding 
structures. Several investigators, starting with Schwarz 
in 1932, have attempted to put numerical values to this 
optimal force. Schwarz concluded that 20-25 grams per 
square centimeter would bring about tooth movement with-
out damage to the tooth and the periodontal tissue. 
Reitan found that forces of greater magnitudes could be 
used in the translation of teeth without damage, but he 
also stated that these forces would cause damage to the 
periodontal environment if they were used to tip teeth. 
Jarabak, on the basis of the information furnished by 
Storey and Smith in their investigation on the translation 
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of canine teeth, concluded that the average pressure for 
best movement was in the region of 2-2.5 grams pe~ square 
millimeter of projected root area. This statement was 
made with the provision that there was no friction, and 
that all moments of force had been neutralized. 
An optimal force can be defined as one that will 
move the tooth in the desired direction as rapidly as 
possible without damage to the tooth and the surrounding 
structures. If an optimal force moves the tooth more 
rapidly than any other force, one would expect bone 
deposition to increase on the tension side. The purpose 
of this study was to relate bone deposition to various 
force magnitudes of known values in the translation of 
teeth. Furthermore, a new method was devised to measure 
the amount of tooth movement that had taken place. On 
the basis of this method, tooth movement will be related 
to various magnitudes of known forces, and the relation-
ship between tooth movement and bone deposition in the 
translation of teeth will be evaluated. 
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This necessitated the use of a method which would 
allow the desired measurements to be accurately recorded. 
Vital staining of bone was the method chosen. A search 
of the literature revealed several possible vital staining 
techniques; the one chosen employed the use of lead 
acetate. The available literature stated that this method 
was superior to any other in that it gave sharp demarca-
tion lines between the new and the old bone. A sharp 
demarcation line was a prerequisite for an accurate esti-
mate of the amount of bone deposited. Furthermore, since 
lead acetate was inactivated very quickly, several 
injections could be given at close intervals. This feature 
would permit the study of bone deposition in relation to 
time. Another advantage of this method was that it allowed 
decalcification and the production of serial sections with-
out the loss of the vital stain. 
This experiment dealt with the bodily movement 
of teeth, and an experimental appliance designed to do this 
was cemented to the teeth. The force system used to 
develop a continuous translatory force was designed accord-
117 
ing to the principles outlined by Jarabak and Fizze11. 
Although the appliance was very rigid, it produced a force 
having a high degree of deflection. A difficulty encoun-
tered in most experiments dealing with bodily movement has 
been to obtain a true translation. Moyers and Bauer (1950) 
observed that translation of a tooth was an extremely 
difficult movement to achieve. Other investigators have 
reported tipping while attempting to translate teeth. 
With this difficulty in mind, an appliance had to be 
designed to overcome the tipping shortcoming. A detailed 
description of the appliance and the analysis of the 
force system can be found in CHAPTER III, METHODS AND 
MATERIALS. 
On the basis of the available literature, a 
range of forces was selected for this study. An attempt 
was made to include what some considered the optimal 
force within this range. The force system was analyzed 
according to the principles outlined by Jarabak and 
Fizze11, and the amount of force loss due to friction was 
determined. A net translatory force was thus obtained 
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and these force values are used throughout this study. 
The amount of force loss due to friction will vary 
according to differences in the projected root area and 
thereby in the position of centroid. It was impossible 
in this study to make any allowance for this variation. 
Since different appliance designs will develop different 
magnitudes of frictional force, it is better to reduce 
these data to net mesial force to allow comparison with 
other experiments, although this may introduce an error 
in the net force applied. 
The injection of a toxic substance into the 
vascular system posed a question, that of toxicity. 
Okada and Mimura state that a dose from 1-2 milligrams 
per kilogram of body weight can be injected for several 
weeks without any ill toxic sequelae. In this experiment 
the dose given was 4 milligrams per kilogram of body 
weight at weekly intervals. This is well over the daily 
dose recommended by these workers, but below the weekly 
dose. Solmann lists the LDSO dose of lead acetate to be 
2/10 gram, which is much higher than the dose used in 
this experiment. No symptoms suggesting lead acetate 
poisoning were observed. 
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The histologic examination revealed a rather 
unexpected picture. The bone deposition was irregular, 
with increased amount of osteophytic bone deposits as the 
total amount of bone laid down increased. In addition, 
the bone laid down on the tension side was stained to a 
varying degree in a brown color. This suggested that a 
great amount of matrix had been present at the time of 
lead acetate injection. In areas where the tooth movement 
was very slow, for example, around the roots of the 
maxillary first molars, distinct lead lines were observed 
and no staining of the bone, except for the lines, had 
taken place. Similarly, in the dentin, distinct lead lines 
with no staining of the intervening dentin were seen. 
A similar pattern of staining was also observed 
along some of the experimental teeth close to the original 
cribriform plate, where the osteophytes had formed a 
mushroom-like cover protecting this area from the rest of 
the periodontal environment. In areas where the total 
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deposition was small, lead lines with little staining of 
the intervening bone was observed. 
Why this happened must be conjectured. It is 
this investigator's belief that osteophytic bone and the 
marked staining by lead acetate indicate bone repair. 
Sicher states that the first damage in orthodontic tooth 
movement occurs on the tension side, and only after this 
initial damage can pressure be brought on the compression 
side. It is a misconception that in order to have repair 
inflammation must be present. Here is an example where 
there is repair without inflammation. Any repair is pre-
ceded by proliferation of cells which differentiate into 
the various specialized cells. Some of these become 
osteoblasts and start the production of bone matrix. Cal-
cification of the matrix takes place and what is generally 
known as bundle or embryonic bone is formed. This bone is 
later reorganized to form the regular type of bone we see 
in this area. Formation of bone by this reparative pro-
cess just described will lead to the formation of osteo-
phytes. It is readily apparent that if a large mass of 
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matrix is present at the time the lead acetate is injected, 
the whole mass will be stained, thereby giving rise to a 
colored mass instead of a distinct line. In areas -where 
the process of bone formation is not reparative in nature, 
a small amount of bone matrix will be formed at a time, 
and the lead acetate will be deposited as a distinct line 
without staining the bone laid down during the interval 
between the injections. 
One very significant conclusion heretofore not 
reported can be drawn from this appearance of the 
deposited bone; that is, there seem to be two different 
processes of bone deposition at work during orthodontic 
movement of teeth. One is the process observed when the 
amount of movement is small. Here the bone deposited is 
regular and uniform in appearance. The other process 
appears pathological in nature and can be generally 
described as repair. Since the first type of bone 
deposition was only seen in areas where the tooth move-
ment was so small as to be impractical from an orthodontic 
point of view, it is reasonable to suppose that the bone 
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deposition in orthodontic tooth movement takes place in 
response to injury and is pathological in nature. From 
this point of view, physiologic tooth movement is rather 
unlikely with appliance therapy. 
The fact that tooth movement cannot be physio-
logic does not mean an optimal force does not exist, 
because an optimal force is defined as that force which 
moves the tooth with the least amount of damage and as 
rapidly as possible. 
This investigation utilized a new method of 
determining tooth movement. One problem confronting 
researchers when they attempt to measure tooth movement 
is a stable reference point. Arkimedes said, "Give me 
a fixed point and I shall move the earth." The same 
problem exists in orthodontics: Where is the fixed point? 
Arai and Lerch (1966) used a roentgenographic method to 
assess tooth movement, and they stated that the 99% con-
fidence limit for their anchor point was a square measur-
ing 0.37 x 0.37 millimeters. This is a considerable 
error when distances smaller than a millimeter shall be 
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accurately measured. The method devised and used in this 
research is unique in that it utilizes a fixed point or a 
fixed line from which measurements can be taken with an 
accuracy never attained before, because the readings can 
be made on the microscopic level. It was shown under 
CHAPTER III, METHODS AND MATERIALS, that the measuring 
instrument was very accurate as long as it was used within 
certain limits. At the high magnification used to obtain 
the readings, the error is not going to be in the instru-
ment, but rather in the variation in the tooth outline 
and the outline of the demarcation line between the old 
bone and the new bone. From roentgenographic pictures 
we are lead to believe these outlines are smooth, but 
under the magnification used here we will discover that 
this is not the case. 
Statistical analyses demonstrated that this 
method of measuring bone deposition and the total distance 
from the first lead line to the tooth surface was very 
precise. The experimental error was calculated at 
+ 0.049 mm. and + 0.045 mm., respectively. 
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Furthermore, the statistical analysis revealed 
there were no significant differences between the sections. 
This is again evidence of the preciseness of the method. 
The interactions between ANIMALS x SECTIONS and AREAS x 
SECTIONS were insignificant. Had these two interactions 
been significant, this would have thrown some doubt into 
the accuracy of the method employed. 
There was a significant difference between the 
areas, and although this was expected, ideally this should 
not have happened. In translation, bone is supposed to be 
deposited in a uniform manner along the entire tension 
side. Had this been the case in this experiment, there 
should have been no significant difference between the 
areas. 
There was a significant difference between the 
. 
animals, and this was expected. The animals in reality 
represent the force in the analysis, and different amount 
of force is known to produce different amount of move-
ment, and therefore a different amount of bone should be 
laid down in unit time. The fact that the teeth move with 
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different rates when various force magnitudes are placed 
on them was borne out by the statistical analysis of the 
total distance from the first lead line to the tooth 
surface. 
A significant variance ratio was found in the 
interaction between ANIMALS and AREAS in both analyses. 
This indicates that the amount of bone deposited is 
dependent upon the force. 
In order to obtain the tooth movement which has 
taken place, computation is necessary. The idea behind 
the method is that the distance any point on the root sur-
face has moved is equal to the total distance from where 
the new bone started to be deposited to the tooth surface, 
minus the original periodontal width. It has already been 
stated that the first of these measurements could be 
obtained very accurately. The only problem left is the 
original periodontal width. If this could be established 
with the same degree of accuracy, then a very effective 
method would have been found. It would eliminate the use 
of neighboring teeth, or teeth in the opposite arch, as 
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reference points and eliminate the uncertainty whether the 
reference teeth have moved during the experimental period. 
It was felt by the author that if a mean could 
be established for the different measuring areas, this 
mean could be used to analyze the tooth movements in all 
the animals. It must be realized that there are individual 
variations, but these are very small. Furthermore, the 
really important factor is not so much the actual values, 
but the relationship between the values. The periodontal 
width varies in different areas, being generally narrower 
along the middle of the root. In order to be accurate, 
measurements of the periodontal width on maxillary second 
premolars should be used in the computations. Since all 
the premolar teeth used in this experiment had moved 
mesially with ensuing bone deposition, it was decided not 
to measure on the second premolars, but on the first 
molars. This was done to eliminate the possibility of an 
increase in the periodontal width on these teeth due to 
tooth movement. This fact was also borne out by the 
actual measurements of the periodontal width of these 
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teeth which showed a great variation. The second premolar 
is a three-rooted tooth in the Macaca Mu1atta monkey and 
is very similar to the first molar except in size. Meas-
urements were taken on the maxillary first molars and the 
means calculated. The error introduced by doing it in 
this manner is going to be + 0.05 mm. at the most. This 
would make the total error + 0.10 mm. at the 99% confidence 
limits. This error is small yet when compared to the error 
in the use of roentgenographs. The means found are listed 
in CHAPTER IV, FINDINGS. 
It must again be stressed, that although the 
values found are not the true means for the second pre-
molar teeth, they reveal the tendency of a narrowing of 
the periodontal space toward the middle of the root, and 
then the space widens as one approaches the alveolar crest 
or the apex. In order that this method should be accurate, 
several important steps should be noted. First, the appli-
ance remained in place until the tissues were well fixed. 
In this experiment the fixation time was fourteen days. 
Furthermore, all of the measurements were taken along the 
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same root, in this case the disto-buccal root of the maxil-
lary second premolar. Measurements should not be inter-
changed from root to root, unless the measurements can be 
made on the same section. It is, however, difficult to 
align the specimens in such a way that good sections will 
be obtained of both roots on the same slide. Generally 
one has to be content with a good section of one root, 
and then further along in the series obtain good sections 
of the other root. Taking the measurements on the same 
sections reduces the possibility of variation between the 
sections. Another point to note is that the tooth may 
have rotated, and as a consequence there may be differ-
ences in the movements of the roots. These differences 
will be too small to be noticed in x-ray pictures, but 
easily observed in an experiment like this, where meas-
urements are taken to the nearest "1/100 nun. 
The means of the periodontal width were then 
used in the computation of the distance the various 
points on the tooth surface had moved. This was found by 
subtracting the mean periodontal width for a specific area 
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from the total distance from the first lead line to ·the 
tooth surface for this area. A check on the accuracy can 
be made from the statistical analysis that was employed. 
When the bone deposition was correlated with the total 
distance from the first lead line to the tooth surface a 
significant positive correlation was found to exist. It 
was also found that when the bone deposition was corre-
lated with the computed distance the tooth had moved, 
there was an increase in the level of significance. This 
is taken as evidence that the approach of vital staining 
is valid and accurate. 
In this experiment the object was to translate 
maxillary second premolars mesially. Measurements were 
taken at the alveolar crest, at the middle of the root 
and at the apex. The measuring points were kept an equal 
distance apart, and these distances were recorded. 
We now have three points located in space, their 
coordinates given by the distanc~the points on the tooth 
surface have moved from their original position and their 
distances apart. The distances the measuring points moved 
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were plotted along the Y-axis and their distances apart were 
plotted along the X-axis. Mesial movements were recorded 
as positive and distal movements were recorded as negative. 
The line that will fit these three points most 
closely is given by the equation of regression of dis-
tances Y upon distances X. This line is such, that the 
sum of the squares of the distances the points are located 
from this line is the smallest possible. Once this 
equation has been found, several important pieces of infor-
mation can be obtained. The intercept will locate the 
center of tooth tipping, and the amount of tipping that 
has taken place will be expressed by the slope of the line. 
This method of evaluation disclosed that all the 
experimental teeth had moved mesially in a movement which 
can be described as a combination· of translation and 
tipping. It was found that the centers around which the 
tooth tipped were located from 1.3 mm. to 26.7 mm. away 
from the root apex in the experimental animals. In the 
control animal the tooth tipped around an axis located 
2.2 mm. from the root apex within the root. It can be 
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stated that although translation in the true sense of the 
word was not obtained, the movement obtained in some 
animals was very close to being a pure translation. This 
is also borne out by the angular changes which were found 
to range from 45' to 4°5'. The first value is very close 
to being a true translation. 
It was stated earlier that other investigators 
have remarked upon the difficulties of obtaining a pure 
translation . This was also borne out in this investiga-
tion, but since the apices of all the teeth where trans-
lation was attempted moved in the same direction as the 
crown of the teeth, the experiment was considered 
successful from this aspect . 
As a further check on the accuracy of this 
method to calculate the tooth movement, and the use of 
these data to find the center of tooth tipping or tooth 
rotation, and the degree of tipping experienced by the 
teeth, further analyses were carried out. The closeness 
of fit of the calculated regression curves would be a 
check on the previously calculated distances the teeth 
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had moved. The deviations from the regression line for 
the six animals were tabulated and the standard deviation 
of these measurements found. The 99% confidence limits 
for such a distribution of deviations is + 0.035 mm. These 
confidence limits are narrower than the confidence limits 
for the experimental error. It can be assumed that the 
method used in calculating the center of tipping and the 
changes in tooth inclination is very accurate and precise. 
It can also be stated that although the means of the 
periodontal space width used in the computations were not 
obtained from measurement on the maxillary second premolar, 
the ones obtained provided accurate values. 
The discussion thus far has been primarily 
centered around the methods used and their validity. The 
question now arises: How are bone deposition, tooth move-
ment and force applied related to each other? The 
regression curve for bone deposition upon tooth movement 
showed that these two were related in a linear fashion. 
The equation found demonstrated that in order for bone 
deposition to take place, the tooth had to move a small 
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initial distance. This distance was found to be 0.08 mm. 
The equation further showed that when the tooth movement 
increased, the bone deposition also increased, but not by 
an equal amount. This difference was expressed by the 
regression coefficient which was found to be 1.13. This 
relationship was found to be very highly significant. 
Initial examination of the data for bone 
deposition in the various animals revealed a variation 
in the amount deposited in the various areas. Since the 
teeth had moved differently, relating each individual 
area to the force applied would not give a true picture 
of the amount of bone deposited. A better method would 
be to relate the total amount of bone deposited in the 
three areas to the force applied. The sum of these three 
measurements would furnish a more accurate estimate of 
the total amount of bone deposited along the distal 
alveolar wall. When these three measurements were added 
together for all the animals and plotted against the net 
applied force it was found that a linear relationship did 
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not exist. The amount of bone deposited seemed to increase 
more rapidly as the applied force increased. 
A characteristic of some of the simpler growth 
phenomena is that they follow the exponential growth 
curve, and it was decided to see if this growth curve 
could be adapted to fit these data. The manner in which 
the total amount of bone deposited was found requires some 
further explanation. For the first five animals it was 
obtained by adding the amount deposited in the three areas. 
Animal VI, however, had resorption in the apical region, 
and as a consequence the amount of bone resorbed had to be 
calculated. The method by which this was done has been 
described under CHAPTER IV, FINDINGS. Since it is impos-
sible to measure the amount that has resorbed, this method 
would give a very good approximation. The amount resorbed 
thus calculated was then subtracted from the sum of the 
other two measurements to give a net amount of deposition 
along the alveolar wall adjoining the distal surface of 
the disto~buccal root. 
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The amount of bone deposited in animal V did not 
seem to fit the curve and it was therefore excluded from 
the calculation. The calculations showed that a curve 
could be fitted to the data with a high degree of accuracy, 
as revealed by the statistical analysis of the closeness 
of fit of the data to the curve. The fact that animal V 
did not fit the curve was rather interesting. It has been 
stated earlier that an optimal force would be expected to 
produce more bone deposition because the tooth moves more 
rapidly. The fact that animal V did not follow the curve 
suggested that the optimal force had been exceeded and 
that the force was excessive. 
To further evaluate this point it was decided to 
see if the amount of tooth movement as related to the net 
applied force could be curve fitted. Tooth movement in 
itself is not a growth phenomena, but the amount of tooth 
movement which takes place is directly dependent upon the 
amount of bone resorption. Bone resorption can be looked 
upon as a growth phenomena in reverse. This is seen in 
normal bone remodeling. The n;et mesial movement for the 
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three measuring points was calculated using the principles 
outlined before, and the mean tooth movement for the 
three areas calculated. When these data were plotted 
against the net force applied it was again seen that the 
relationship was not linear. The data for an~al V again 
did not seem to fit any curve which could be made to pass 
through the points furnished by the data from the other 
five animals, and it was therefore excluded from the cal-
culation. A curve was fitted and again found to fit the 
data closely, but not with the accuracy of the first 
curve. It was, however, significant at the 1% level of 
probability. The value for an~al V was below the level 
expected if it had followed this curve. 
On the basis of the two curves presented, it 
seems that the optimal force for translation of maxillary 
second premolars in the Macaca Mulatta monkey is between 
95 grams and 150 grams, very likel, in the neighborhood of 
125 grams. It is, however, impossible on the strength of 
the data obtained in this investigation to make any sug-
gestion as to the exact location of this force. The 
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sample used in this experiment is too small to give such a 
value. If a force magnitude of 125 grams had been used in 
this exp~riment, it would have been possible to give an 
opinion as to the more exact location. 
The fact that the relationship between the force 
applied and bone deposition and tooth movement is not a 
linear one gives support to the use of light forces in 
orthodontics and makes this a very valid hypothesis. It 
is evident from this investigation that if we want to 
achieve our treatment objectives in the shortest time 
possible, we should use forces which are as close to 
optimal as possible, especially since this relationship 
is not linear. It seems probable from the limited data 
available, better to err on the light side of force magni-
tude than on the heavy side. Animal III and animal V had 
similar amount of total bone deposition, yet the applied 
force was 56 grams and 150 grams, respectively. The danger 
of tooth destruction is greater, of course, with greater 
force magnitudes. 
There is one more dimension that is intimately 
associated with the force , and bone deposition, and that 
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is time. It was hoped by injecting several doses of lead 
acetate into the animals at weekly intervals, it would be 
possible to study this. From studies on the proliferation 
of cells we are lead to believe that there would be less 
bone deposition in the first week. This is due to the 
time needed for the cells to differentiate and start bone 
deposition. It was also expected that as the force 
decreased, the weekly increment would decrease. 
The manner in which bone is deposited when an 
orthodontic force is applied to a tooth made this part of 
the investigation rather difficult. We had expected to 
see relatively parallel lines which would be distinct and 
uniform. Instead we found in the majority of the sections 
that the lead lines were faint and tortuous. In the areas 
where the lead lines were distinct and could be seen they 
were generally uneven, and the amount deposited varied 
from area to area and from section to section. It was 
obvious that there would be greater variation within the 
lines than between the lines and as a consequence the 
statistical analysis would be non-significant. 
In a few areas the lead lines were relatively 
even and measurements were taken. Although the initial 
examination revealed a tendency toward a relationship as 
outlined previously, the statistical analysis revealed 
there was no difference between the weeks. In fact the 
variance ratio that was closest to being significant was 
the variance ratio for the sections. 
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There was very little root resorption observed 
in this experiment. Part of this may be due to a short 
treatment time. The amount of root resorption was minimal 
and would be of no clinical significance. Most likely it 
would not have been detected on a roentgenographic film. 
Some resorption had been expected where greater force 
magnitudes were used. The fact that this was not so, sug-
gests that the period of undermining resorption was very 
short. As soon as this period had passed, direct resorp-
tion took place. This was borne out by the histologic 
140 
examination along the mesial surfaces of the roots of 
animal V, where Howship's lacunae were seen along both 
surfaces. 
This investigation used a predetermined force 
system, which was designed to give a high degree of 
deflection. This was done to insure a relatively con-
stant force. In the case of the first three animals the 
spring rate was in the region of 13 grams per millimeter 
of distance returned. For the small amount of tooth move-
ment which took plaGe the net applied forces can be said 
were relatively constant. For animal IV and animal V the 
spring rate was in the neighborhood of 35 grams per milli-
i 
meter of distance returned when allowing for friction in 
the appliance. In animal IV the distance the crown moved 
mesially probably was in the neighborhood of a millimeter, 
and a reduction on the applied force to about two-thirds 
of the original force, or 62 grams, took place. In animal 
V the distance the crown moved was in the neighborhood of 
1/2 millimeter and therefore we will have a loss in the 
net force from 150 grams to 130 grams. This change in 
force magnitudes is relatively small and for practical 
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purposes it can be stated that the forces remained constant 
during the experiment,with the possible exception of 
animal IV where the greatest amount of movement was 
observed. 
It has been said that animal VI had no force 
applied to it, and yet the tooth moved mesially with bone 
deposition on the distal aspect of this tooth. Obviously 
some force must have been acting on this tooth. Since 
all the posterior teeth were taken out of occlusion, this 
could not have been caused by the function of inclined 
planes. Since the tooth tipped around an axis located 
within the root closer to the apex than the tooth crown, 
the force that was acting on the tooth must have been 
applied in the area of the crest. The logical explanation 
for this behavior of the premolar tooth in animal VI is 
that this is due to contraction of scar tissue in the 
extraction site of the maxillary first premolar. It is a 
known fact that scar tissue has a tendency to contract. 
In the correct sense of the word, one cannot say there was 
no force acting on this tooth, but when we refer to ortho-
\ 
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dontic forces there were no such forces. The conclusion 
to be drawn from this is that the net mesial force applied 
to the experimental teeth was greater than the calculated 
force developed in the springs. In addition there was a 
force created by the contraction of scar tissue. The 
magnitude of the latter force is, however, impossible to 
measure. 
The biophysical aspects of assessing orthodontic 
tooth movement is still a young science, and this investi-
gation is a small attempt at solving some of the problems 
that are involved. Much needs to be done before we will 
have a thorough understanding of what takes place and why, 
when we move teeth orthodontica11y. 
This report would not be complete unless some 
shortcomings were listed. These became apparent after 
analysis of the data had started. It has been stated 
earlier that because of the sample size, it was impossible 
to give any estimate of a true optimal force. Furthermore, 
instead of talking of applied force, it would be better to 
talk of pressure applied to the periodontal environment. 
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Since different studies use different teeth for the experi-
mental discipline, it is difficult to compare the results. 
If the applied force could be expressed as the amount of 
force applied per unit root surface area, comparison 
between different experiments could be more easily 
achieved. This possibility requires further investigation. 
A. Summary: 
CHAPTER VI 
SUMMARY AND CONCLUSIONS 
This study was undertaken to investigate the 
relationship between bone deposition and the force applied 
in the translation of a maxillary second premolar of a 
Macaca Mu11ata monkey, in an environment in which the tooth 
was Qut of functional occlusion. The relationship between 
the applied force and the amount of tooth movement, and the 
relationship between tooth movement and bone deposition in 
translation, were also studied. The pattern of bone 
deposition in translation of teeth was studied and the 
rate of bone deposition evaluated. The experimental force 
system was based on the principles of high deflection, and 
was designed to produce a continuous force of known magni-
tude for controlled tooth movement. 
The method used for recording bone deposition and 
tooth movement was microscopic. Lead acetate was injected 
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every week during the experimental period to mark the bone. 
Sections were prepared from selected specimens from each 
animal. A measuring microscope was adapted for recording 
purposes, and measurements were made at selected points on 
the root surface. Precise measurements from these points 
and between these points yielded the data for the experi-
ment. The assessment of tooth movement was made in the 
mesio-distal direction. Statistical tests were applied to 
the data to evaluate the accuracy of the measuring instru-
ment, the precision of the measurements, and the relia-
bility of the methods employed. 
B. Conclusions: 
1. This study provided a method of assessing 
bone deposition following orthodontic movement of the 
maxillary second premolars of Macaca Mulatta monkeys. The 
method of recording bone deposition was shown to be 
accurate and precise. A method of assessing experimental 
movement of the maxillary second premolars was also 
developed. This method was shown to be more accurate 
than methods previously reported. 
, 
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2. Vital staining of bone utilizing lead acetate 
was used to mark the bone. This provided a stable refer-
ence line from which measurements could be taken. Lead 
acetate was successfully injected into the monkeys with-
out any toxic side effects. 
3. Five force magnitudes were selected for this 
study. A force system utilizing the principles of high 
deflec~ion was used to develop a continuous translatory 
force. This force system was adapted to the Macaca Mulatta 
monkey and shown to be very successful. 
4. The physical method of recording bone 
deposition and experimental tooth movement was micro-
scopic. From the demarcation line furnished by the 
injection of lead acetate measurements were taken. The 
99% confidence limits for experimental errors was + 0.049 mm. 
for bone deposition and + 0.045 for the total distance 
from the first lead line to the tooth surface. 
5. An indirect method of measuring tooth move-
ment was developed. Tooth movement was expressed by the 
amount of bone deposited and the increase in width of the 
periodontal space. 
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6. Bone deposition was found to increase expo-
nentially to the applied force. This relationship was 
found to be true for the forces up to 94 grams of net 
applied force. The force of 150 grams was shown to be 
excessive and did not follow the exponential growth curve 
fitted to the data. 
7. Tooth movement was also found to increase 
exponentially to the applied force. Again the force magni-
t~de of 150 grams was shown to be excessive and did not 
follow the fitted curve. 
8. It is conjectured that the optimal force for 
bodily movement of maxillary second premolars of a Macaca 
Mu1atta monkey is located between 95 grams and 150 grams, 
likely in the region of 125 grams. 
9. The relationship between bone deposition and 
tooth movement was shown to be linear. The regression 
equation calculated showed that an initial tooth movement 
took place before bone deposition started. It was further 
shown that as the tooth movement increase~ the bone 
deposition increases, but not by the same amount. This 
differential is accounted for by an increase in width of 
the periodontal space. 
10. The assessment of tooth movement revealed 
that the force system produced translation modified by 
tipping in all the experimental animals. The centers of 
tipping of all the experimental teeth were located below 
the root apices. The degree of tipping which took place 
ranged from 45' to 4°5'. 
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11. The histologic examination suggests that 
bone deposition following orthodontic tooth movement takes 
place in response to injury and is reparative in nature. 
From this point of view, physiologic tooth movement is 
rather unlikely with appliance therapy. 
12. The methods developed for this study can be 
helpful in future similar studies. Considerations should 
be given to these methods where experimental tooth move-
ment, the effectiveness of a force system, or the effect of 
various force magnitudes on the tissues is to be studied. 
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